Introduction
Direct ethanol fuel cells (DEFCs) have been a subject of intensive studies for fundamental and practical applications as alternate power sources (e.g. the development of compact portable power as well as electric-vehicle range extenders operating at high temperatures).
[1] As a fuel, ethanol has high volumetric and gravimetric energy densities (8 kWh kg À1 ), good energy efficiencies, and offers easy handling, storage, and transportation, contrary to gaseous fuels. [2] Its low toxicity, biocompatibility, and abundant availability in combination with its availability from renewable resources make ethanol an almost ideal fuel. Its oxidation, however, is often incomplete, resulting in a number of by-products rather than CO 2 . This is attributed to difficulties with CÀC bond cleavage in ethanol and, to some extent, to the formation of CO intermediates, leading to the poisoning of the active sites on Pt catalysts. [3] Complete ethanol electrooxidation to CO 2 involves 12 electrons per molecule, whereas partial oxidation leads to by-products such as acetic acid or acetaldehyde, which reduce the faradaic efficiency of the anodic reaction of DEFCs. Efforts to develop highly active and selective electrocatalysts for the ethanol oxidation reaction (EOR) to CO 2 have, therefore, concentrated on the addition of co-catalysts to platinum.
[4] Alloying Pt with highly oxophilic transition metals such as Rh, Ni, or Sn has been a promising strategy to modify the electrocatalytic surface properties of Pt in order to supply active oxygen-containing species, such as OH, that readily oxidize adsorbed molecular fragments while reducing the cost of the catalyst considerably. [3a, 5] To achieve this goal, the oxophilic component is assumed to be present as an oxide species at the surface of the operating catalyst.
Our past research focused on a promising family of EOR nanocatalysts based on mixtures of Pt, Rh, and Sn. [3d, 6] In particular, we uncovered and characterized the optimal 3D structural arrangement of the atoms of the three components at the surface and bulk of the final active catalyst to maximize activity and selectivity, finding a single-phase Rh-doped PtSn bulk Niggliite structure as the preferred and most catalytically active nanocrystalline phase. On its surface, metallic Pt and Rh were atomically mixed with a SnO 2 phase, representing the active surface-site ensembles. Although the ternary ensemble of the three metals led to high oxidation activities, it is also known that nanocrystalline Pt and its Ni-based binary alloy belong to the most active catalysts for the catalytic oxidation of organic molecules. [7] We, therefore, developed the hypothesis that the partial random substitution of Pt with Rh in Pt-Ni bulk alloys could lead to active EOR electrocatalysts, owing to the formation of unique Pt-Rh-NiOx surface ensembles.
Mechanistic details of the Rh and Ni-promoted oxidation of ethanol on Pt are still not well understood. It is believed that Rh increases the yield of CO 2 by promoting CÀC bond cleavage. However, there is reason to believe that this hypothesis does not represent a comprehensive picture of the role of Rh Alloying Pt with highly oxophilic transition metals such as Rh, Ni, or Sn has been a promising strategy to modify the electrocatalytic surface properties of Pt in order to supply active oxygen-containing species for ethanol electrooxidation. A new, highly active, ternary single-phased cubic PtRhNi/C nanoparticle electrocatalyst for the electrocatalytic oxidation of ethanol (EOR) is reported and its morphology (XRD and TEM), composition (inductively coupled plasma optical emission spectroscopy), and electrochemical activity are discussed in comparison with the state-of-art PtRhSn/C electrocatalyst. The EOR activity of the PtRhNi/C material outperformed the benchmark PtRhSn/ C material in acidic and alkaline media, showing high stability, especially in alkaline media. The higher intrinsic EOR activity of the Ni-containing electrocatalyst lends support to the notion that surface NiOx is an excellent oxygenate-supplying catalyst component for the oxidation of ethanol.
1
These are not the final page numbers! ÞÞ These are not the final page numbers! ÞÞ Articles DOI: 10.1002/celc. 201402390   1  1  2  2  3  3  4  4  5  5  6  6  7  7  8  8  9  9  10  10  11  11  12  12  13  13  14  14  15  15  16  16  17  17  18  18  19  19  20  20  21  21  22  22  23  23  24  24  25  25  26  26  27  27  28  28  29  29  30  30  31  31  32  32  33  33  34  34  35  35  36  36  37  37  38  38  39  39  40  40  41  41  42  42  43  43  44  44  45  45  46  46  47  47 [8] Beyhan et al. studied the catalytic effect of Ni and Rh added to a PtSn catalyst and the influence on the cleavage of ethanol with in situ FTIR spectroscopy, finding it to be more beneficial for complete oxidation compared to the addition of Pd or Co. [3a] Soundararajan et al. synthesized a set of Pt and Pt-Ni alloy nanoparticle catalysts through electrochemical deposition, showing that the Pt-Ni alloy formation leads to higher activities in alkaline media for EOR. [9] Bonesi et al. investigated high-surface-area carbon-supported binary PtSn and ternary PtSnNi and PtSnRh catalysts for the EOR at elevated temperatures, concluding that the ternary catalysts show elevated activities. [10] Assuming that Rh indeed facilitates the bond breaking, with Sn or Ni being the responsible oxygen species provider, a combination of Pt, Rh, and Ni should result in an even higher active EOR catalyst, but, to the best of our knowledge, there have been no reports on ternary Pt-Rh-Ni catalyst systems for the EOR to date. This is why, in this report, we prepared ternary single-phase PtRhNi/C nanoparticle catalysts and benchmarked their electrocatalytic activity and stability for the EOR to the corresponding state-of-art Sn-containing electrocatalyst. We compared and contrasted their structure, morphology, and catalytic performance and conclude that Ni offers great catalytic performance benefits over Sn. We are confident that this study will spark more research on the use of Ni in the oxidation of small organic molecules.
Results and Discussion
Two ternary electrocatalysts PtRhSn/C and PtRhNi/C were successfully synthesized and studied to investigate the influence of Ni and Sn as oxygen-donating species for the EOR. The atomic ratios of the as synthesized samples were characterized by using inductively coupled plasma optical emission spectroscopy (ICP-OES), and the data are presented in Table 1 . Both catalysts were deliberately designed to have < 10 % atomic molar ratios in Rh with a molar Pt ratio of around 30 %, whereas the oxygen-donating species of Sn/Ni were designed to have a molar ratio that was almost double that of Pt. The weight loading of both catalysts was designed to be very similar. Additional experiments showed that the catalyst performance was insensitive to changes in the Rh content in the 5-12 % range.
TEM images of the electrocatalysts ( Figure 1 ) showed that the nanoparticles were well distributed across the carbon support, with sizes ranging from 6 to 12 nm. Mean particle diameters were estimated from TEM-derived size distribution histograms and are inserted in the TEM graphs in Figure 1 . PtRhNi/ C nanoparticles showed an irregular, close to spherical shape, most likely because of the agglomeration of 2-3 particles during the synthesis. PtRhSn/C nanoparticles are spherical with a broad size range of 2-18 nm. Figure 2 shows the fitted powder X-ray diffraction (XRD) patterns of the prepared samples. The carbon features were taken out by background subtraction. Both XRD patterns show relatively broad Bragg peaks, which are typical for nanosized particles with limited structural coherence. The PtRhSn/C catalyst shows a typical hexagonal P6 3 /mmc pattern, owing to a major Niggliite phase for PtSn (#00-025-0614) at 25.1 (100), 30.0 (101), 41.8 (102), 44.1 (110), and 62.5 (202) as well as diffraction peaks (#00-004-0802) at 39. 8 (111) and 46.2 (200) , owing to a separate minor Pt-rich face-centered cubic (fcc) phase. Pt Figure 1 . TEM images and size distribution histograms of electrocatalysts: PtRhSn/C, 4.7 AE 0.1 nm and PtRhNi/C, 11.7 AE 0.1 nm. 1  1  2  2  3  3  4  4  5  5  6  6  7  7  8  8  9  9  10  10  11  11  12  12  13  13  14  14  15  15  16  16  17  17  18  18  19  19  20  20  21  21  22  22  23  23  24  24  25  25  26  26  27  27  28  28  29  29  30  30  31  31  32  32  33  33  34  34  35  35  36  36  37  37  38  38  39  39  40  40  41  41  42  42  43  43  44  44  45  45  46  46  47  47  48  48  49  49  50  50  51  51  52  52  53  53  54  54  55  55  56  56  57  57 and Rh diffraction peaks cannot be resolved in XRD patterns, because they form a homogenous PtRh binary solid solution over wide compositional ranges, as indicated by the Pt-Rh phase diagram (not shown here). Earlier studies suggested that Rh incorporates randomly into the Niggliite lattice, substituting Pt atoms. [6a, b] PtRhNi/C shows a single-phase fcc diffraction pattern; the diffraction peaks lay, in accordance with the atomic mixture of the three metals, between the reflexes of Pt, R,h and Ni. No reflexes for pure metallic Pt, Rh, or Ni can be observed, indicating alloy formation of all three metals. However, owing to the slightly non-symmetric diffraction peaks of the PtRhNi/C catalyst, the existence of a second fcc phase cannot be completely excluded.
The catalytic activity of the prepared PtRhNi/C catalyst towards ethanol electrooxidation was evaluated in both acidic and alkaline 0.1 m electrolyte and compared with PtRhSn/C. As the platinum surface content of the two catalysts varied, owing to their distinctly different crystal symmetry, a mass activity metric was used to evaluate the cyclic voltammetric and chronoamperometric measurements. To correlate catalyst structure and composition with the electrocatalytic EOR polarization behavior, cyclic voltammograms (CVs) in 0.1 m KOH, 0.1 m HClO 4 as well as in 0.5 m ethanol (EtOH) in 0.1 m KOH and 0.1 m HClO 4 ( Figure 3 ) were collected. Here, only the first forward scan is presented, whereas the first two full scans are shown in the Supporting Information ( Figure S1 and Figure S2 ). In addition, potentiostatic chronoamperometry (CA) experiments were performed to examine the catalytic performance and catalyst stability at an electrode potential of technical interest (0.45 V vs. RHE) for extended period of times (Figure 4 ) in acidic and alkaline media. Although the current densities were only normalized by the amount of platinum-group metals (PGMs) present on the electrode surface, the reduction charge of hydrogen under potential deposition (H UPD ) was additionally employed to estimate electrochemically active surface area (ECSA) values for the two catalysts based on the charge density for the formation of a fully covered Pt-H monolayer (210 mC cm À2 ). [11] Mass-based current density H UPD and the forward scans of the first CV in ethanol-containing electrolytes are shown in Figure 3 . The specific activity and geometric current density equivalents are shown in Figure S3 and Figure S4 . The ECSA values are given in Table 2 alongside mass activity values for different potentials after 300 s. CO-ECSA values [12] from the CO-oxidation charge could not be used to compare the two surface systems, owing to the poor CO oxidation activity of the PtRhSn/C surface ( Figure S5 ).
The ECSA for PtRhNi/C is highest in acidic media with a value of 32.0 m 2 g PGM
À1
, which is similar for both catalysts in alkaline media; the ECSA is 19.8 m 2 g PGM À1 for PtRhNi/C and 22.2 m 2 g PGM À1 for PtRhSn/C catalysts, whereas the value for the Sn-containing catalysts in acidic media is much lower at 6.4 m 2 g PGM
, indicating a Pt/Rh-rich surface for the PtRhNi/C catalyst and a Sn-rich surface for the PtRhSn catalyst. Figure 3 shows the mass activity of the electrocatalysts in acidic and alkaline media. PtRhNi/C has a forward anodic peak of 1071.1 mA mg PGM À1 in alkaline media, which is nearly twice as high as PtRhSn/C in alkaline media (605.4 mA mg PGM À1 ) and three times as high as the peak in acidic media. The lowest activity is for PtRhSn/C in acidic media, with a value of 119.2 mA mg PGM
. The decrease in the onset anodic potential indicates an enhancement in the kinetics of the EOR and can also hint towards an earlier CÀC bond break. These results validate that the novel PtRhNi/C nanoparticle catalyst, showing high catalytic activity towards ethanol electrooxidation in both alkaline and acid media.
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Ni-containing bulk phases, to act as efficient oxygen-donating entities. [7a, 13] Subbaraman et al. already demonstrated that the addition of Ni(OH) 2 to a platinum electrode surface manifests a significant increase in hydrogen evolution reaction (HER) activity, owing to a bifunctional effect, where edges of Ni(OH) 2 clusters promote the dissociation of water and the formation of intermediates, which can then adsorb on the nearby Pt surfaces. [14] Consistent with this explanation is the reduced EOR activity at 0.45 V versus RHE in acid media, where Ni(OH) x phases gradually leach from the top surface; in contrast, the EOR performance in alkaline media is greatly enhanced because of the stability of Ni(OH) x phases under these conditions. The superior EOR activity of the PtRhNi catalyst at high overpotentials (+ 0.80 V vs. RHE) can be explained by the enhanced presence of surface active oxygenates, such as OH, which help segregate Ni(OH) x to the surface solutions. [12, 13c, 15] Although the general beneficial effect of Rh for CÀC bond splitting has been well documented, [13c, 16] the comparison of PtRhSn/C and PtRhNi/C shows that the oxygen-donating effect of Ni versus Sn appears to be enhanced and, thus, leads to higher activities for the Ni-containing systems. The PtRhSn/C catalyst displayed three times higher current densities at + 0.80 V in acidic media than a similar PtRhSnO 2 /C catalyst [6f] and an earlier reported PtRhSn catalyst with the same 3:1:4 ratio.
[6c] Brouzgou et al. compared a variety of DEFC anode catalysts with increasing Pt loadings on the working electrode surfaces and established a certain region between 0.1-1.0 mA cm Pt 2 @0.70 V versus RHE in which most of the reported catalyst to date belonged. [17] PtRhSn/C already lies within the region (0.10 mA cm Pt 2 ) and PtRhNi/C outperforms it (0.21 mA cm Pt 2 ), as does a previously reported PtRhSnO 2 /C catalyst from Kowal et al. (0.19 mA cm Pt 2 ).
[3d] The PtRhNi/C catalyst also outperformed a binary PtNi EOR electrocatalyst in alkaline media reported by Soundarajan et al. [9] The stability of both electrocatalysts was investigated through CA measurements at E = 0.45 V versus RHE (Figure 4 ). PtRhSn/C shows similar current density values after 300 s in both electrolytes, whereas PtRhNi/C shows only very small mass activity in acidic media, but with 19 mA mg PGM
, which is ten times as high compared to all other measurements in alkaline media. It is clearly shown that the Ni-containing ternary alloy electrocatalyst has excellent durability towards ethanol electrooxidation in alkaline media, but its stability in acidic media is lower, owing to Ni(OH) x dissolution in acidic media. All results confirm that PtRhNi/C possesses excellent catalytic performance towards ethanol electrooxidation, especially at higher potentials in alkaline media, and presents great promise for future applications in DEFCs.
Conclusions
We have presented the successful synthesis of an fcc singlephase PtRhNi/C nanoparticle catalyst, discussed its structural characterization, and contrasted its electrocatalytic activity towards ethanol electrooxidation with a state of art Pt-Rh-Sn benchmark catalyst. The EOR activity of the PtRhNi/C material was significantly higher than that of a Niggliite-type PtRhSn/C catalyst or similar electrocatalysts reported in literature. We are confident that the family of Ni-containing PtRh EOR electrocatalysts will spark interest in theoretical materials-by-design approaches and will be a promising catalyst lead structure for further-improved DEFC catalysts, as well as for catalysts to be used in the oxidation of liquid small organics in general. Future research will focus on the product distribution and mechanistic activity-structure relations of these novel PtRhNi EOR electrocatalysts.
Experimental Section Synthesis of PtRhSn/C
The synthesis of PtRhSn/C has been described previously.
[6a] In summary, Pt(acac) 2 (351.97 mg), Rh 2 (OAc) 4 (75.25 mg), and Sn(acac) 2 (0.48 mL) as well as 1,2-tetradecandiol (622.47 mg), oleic acid (0.48 mL), and oleylamine (0.50 mL) were dissolved in dioctylether (60 mL), heated to 260 8C and held there for 30 min, precipitated with isopropanol, and the precipitated particles were re-dispersed in n-hexane before being added to a dispersion of Ketjen black carbon and stirred overnight at RT. The particles were separated by centrifugation, freeze-dried, and the residue was dried in 1  1  2  2  3  3  4  4  5  5  6  6  7  7  8  8  9  9  10  10  11  11  12  12  13  13  14  14  15  15  16  16  17  17  18  18  19  19  20  20  21  21  22  22  23  23  24  24  25  25  26  26  27  27  28  28  29  29  30  30  31  31  32  32  33  33  34  34  35  35  36  36  37  37  38  38  39  39  40  40  41  41  42  42  43  43  44  44  45  45  46  46  47  47  48  48  49  49  50  50  51  51  52  52  53  53  54  54  55  55  56  56  57  57 a furnace under N 2 , oxidized under O 2 /N 2 , and calcined by heating under a H 2 /Ar atmosphere (see detailed information in previous publication [12] ).
Synthesis of PtRhNi/C
To prepare Pt 26 Rh 5 Ni 69 alloy core-shell nanoparticles Ni(OAc) 2 ·4 H 2 O (0.9 mmol), 1,2-tetradecanediol (1.2 mmol), oleylamine (0.3 mL), and oleic acid (0.3 mL) were dispersed in dibenzyl (50 mL) under a nitrogen atmosphere, stirred for 5 min at 80 8C, and heated to 210 8C. After subsequent 30 min time periods, Pt(acac) 2 (0.3 mmol), then Rh 2 (OAc) 4 (0.03 mmol), and finally Pt(acac) 2 (0.1351 mmol) were added; each was dissolved in 1,2-dichlorbenzene (3 mL).
After a further 30 min, the reaction mixture was cooled rapidly and the nanoparticles were precipitated with mixture of dichloromethane (5 mL) and ethanol (20 mL). Vulcan XC 72R (278.1 mg) was dispersed in toluene ( 60 mL) and subjected to ultrasonication for 5 min; then, pure ethanol (10 mL) was added, followed by the reaction mixture, and everything was stirred for 24 h (at RT). The particles were separated by centrifugation, washed 3-4 times with ethanol, freeze-dried, and the residue was heated in a furnace under an air atmosphere to 180 8C, at which it was held for 1 h to remove surfactants before being placed in a N 2 atmosphere for 30 min to remove any oxygen. Then, a H 2 /Ar (4 vol % H 2 ) gas mixture was fed for 30 min at 180 8C to remove N 2 before the temperature was raised to 240 8C to reduce any possible oxidized Ni on the surface and to enhance the atomic mixing of Ni and Pt.
Physicochemical Characterization of Catalysts
The characterization and electrochemical testing protocol for PtRhSn/C has been described in detail elsewhere [6a] and is similar to that for PtRhNi/C. ICP-OES was used for compositional analysis, and this was performed by using a 715-ES inductively coupled plasma analysis system (Varian). The standard concentrations were 2, 4.5, and 7.5 ppm for Pt and Ni; 3, 10, and 20 ppm for Sn; and 0.7, 2.8, and 5.6 ppm for Rh. The chosen wavelengths for concentration determination were 203.646, 214.424, 265.495, and 306.471 nm for Pt; 216.555, 221.648, 222.295, 222.486, 227.021, 230.299, and 231.604 nm for Ni; 233.477, 246.103, 249.078, 343.488, and 369 .236 nm for Rh; and 189.9 nm for Sn. Transmission electron microscopy (TEM) and energy-dispersive X-ray (EDX) spectroscopy were used to study the morphology and composition, respectively. A Cu grid (200 mesh) coated with a holey carbon film was impregnated with the sample solution and air-dried at 60 8C. A FEI TECNAI G 2 20 S-TWIN microscope, equipped with a GATAN MS794 P CCD detector and operated at 200 kV, was used. The mean particle size was determined from the TEM images by counting at least 200 particles. EDX data were collected for 120 s at an angle of 458 with respect to the sample holder. CuKa X-ray diffraction (XRD) patterns were collected by using a D8 Advance diffractometer (Bruker) equipped with a Lynx Eye Detector and KFL Cu 2 K X-ray tube. The diffraction patterns were collected in a 20-808 2q range with a step size of 0.001428 dwelling for 30 s for PtRhSn/ C, and a step size of 0.058 dwelling for 10 s for PtRhNi/C at each step. The XRD patterns were analyzed by using the MDI Jade 8 software package. Bragg reflex positions were compared with the reference XRD patterns (PDF data files, International Center for Diffraction Data). Electrochemical measurements were performed by using polished glassy carbon working electrodes, which were coated with 10 mL of the catalyst ink (PtRhSn/C: 6 mg electrocatalyst powder, 2.0 mL ultrapure water, 0.5 mL isopropanol, 20 mL of 5 wt % Nafion solution; PtRhNi/C: 8 mg electrocatalyst powder, 3.98 mL ultrapure water, 1.0 mL isopropanol, 20 mL of 5 wt % Nafion solution) and measured with a Biologic SP 150 potentiostat in an electrochemical glass cell with Pt wire as the counter electrode and saturated MMS (in HClO 4 ) or saturated SCE (in KOH) as the reference electrode. KOH and HClO 4 electrolytes were freshly made and purged with nitrogen prior to and during experiments.
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